(PEA) 2 (MA) nÀ1 Pb n I n+1 Br 2n perovskites are semi-transparent, color-tunable thin films with broader band gaps. They have the potential for semi-transparent solar cell and smart window applications. Solvent engineering significantly alters the morphology, absorbance, crystallinity, charge separation, and defects, thereby influencing the optoelectronic properties. Herein, we investigated the effect of the solvent type on the low dimensional, mixed halide perovskite thin films (n ¼ 1, 3, and 5) and identified DMF : DMSO ¼ 8 : 2 as the most suitable solvent. The mixed solvent regulated the growth rate of perovskites, which led to the smooth morphology and larger crystallite size. Through surface photovoltage spectroscopy and time resolved photoluminescence, good charge separation and low defects were linked to DD82 usage.
Introduction
Perovskites have emerged as excellent absorber materials for solar cell application. Much attention has been paid to optimize the photovoltaic properties, namely, superior visible absorption, excellent charge-carrier mobilities, long charge carrier lifetime, and long diffusion lengths, to yield high-performance perovskite solar cells. [1] [2] [3] Recently, organometallic halide perovskite solar cells have achieved a power conversion efficiency (PCE) of above 20%. [4] [5] [6] Furthermore, perovskites are prepared via low cost, low temperature solution processable fabrication using earth abundant sources. 7 The structure of perovskites is ABX 3 , where A is typically an organic cation, B represents an inorganic cation, and X is a halogen anion. 8 Methylammonium lead iodide perovskite (MAPbI 3 ) is the most widely studied 3D perovskite with a band gap of 1.55 eV. The mixed halide perovskites, such as MAPbI 3Àx Br x and MAPbI 3Àx Cl x , have enhanced electronic and optical properties. 4, 9 In addition to tunable band energy and color by halide composition tuning, Br doping can improve the stability and charge carrier transportation of perovskites. 10, 65 To date, solar cells based on MAPbI 3Àx Br x exhibit a PCE of more than 18%. 11 The MABr-induced Ostwald ripening process also improves the surface morphology, thereby creating large grain size with less pinholes and electronic defects. 12 However, a major obstacle for all the 3D perovskite solar cells is their stability. Low dimensional perovskites, (R) 2 (MA) nÀ1 Pb n I 3n+1 , commonly referred to as 2D (low n values) and quasi-2D or 2D/ 3D (large n values), have been shown to exhibit high environmental resistance due to the intercalation of a large organic cation (R) like phenethylammonium (PEA) between the perovskite layers. [13] [14] [15] [16] The dimensionality of perovskite also offers another path for tuning the electronic band gap where lower dimension (low n values) results in a larger band gap and hence lighter color. The decrease in the effective charge carrier mobility, which could be characterized by the optical pump-THz probe (OPTP) spectroscopy, was obtained with the decrease in the dimensionality, i.e., higher PEA content. From the literature, 17 In this work, we focused on the low dimensional systems (n ¼ 1, 3, and 5) by combining the halide doping and dimensional tuning, majorly focusing on (PEA) 2 (MA) nÀ1 Pb n I n+1 Br 2n perovskites. The three systems (n ¼ 1, 3, and 5) were semi-transparent perovskite thin lms with three distinct colors. Herein, we investigated the effects of the solvent type and mixing on the mixed-halide, low-dimensional perovskite system. We found that the solvent engineering notably affected the key optoelectronic properties like transparency, morphology, charge separation ability, crystallinity, and defect density. The optimized solvent engineering led to the formation of uniform and highly crystalline semi-transparent perovskites with low defects that were prime for future smart window application.
Experimental
Phenethylammonium iodide (PEAI) and methyl ammonium iodide (MAI) were purchased from Dyesol. Anhydrous toluene (TLE) was purchased from Acros Organics. Lead bromide (PbBr 2 ; 98% purity), anhydrous N,N-dimethylformamide (DMF; 99.8% v/v), anhydrous dimethyl sulfoxide (DMSO; 99.5% v/v), anhydrous gamma-butyrolactone (GBL; 99%), anhydrous ethyl acetate (ETA; 99.8%), anhydrous ethanol (99.5%), titanium(IV) isopropoxide (TTIP; 99.999%), and hydrochloric acid (HCl; 37% v/v) were from Sigma-Aldrich.
Fluorine-doped tin oxide (FTO) coated glass substrates were sequentially cleaned under ultrasonic treatment with soap water, deionized water, isopropanol, and deionized water (30 minutes in each step). Then, the substrates were soaked in isopropanol overnight and dried under a nitrogen ow. The cleaned FTO substrates were treated with an UV-ozone cleaner prior to all the experiments. Compact TiO 2 layer was then deposited by spin-coating as described in our previous publications.
13,24
Lead halide mixtures of (PEA) 2 (MA) nÀ1 Pb n I n+1 Br 2n (n ¼ 1, 3, and 5) were prepared and studied in various solvent types and ratios. The perovskite precursors that were prepared according to Table 1 were separately dissolved in DMF, DMSO, GBL : DMSO ¼ 7 : 3, and DMF : DMSO ¼ 8 : 2. The solutions were then stirred at 70 C until complete dissolution, followed by ltering with PTFE syringe lter (Whatman, 0.22 mm). Under a 99.9% nitrogen ambience, the perovskite solutions (1.5 M, 80 mL) were deposited onto the substrate by spin coating at 900 rpm for 20 seconds and then at 5000 rpm for 60 seconds. In general, perovskite precursors dissolved in polar aprotic solvents with high boiling points. During the spin coating, the anti-solvent that did not dissolve the perovskite materials but was miscible with the perovskite solvent was applied to get rid of the excess solvent, thereby initiating the crystallization of perovskite thin lms and controlling the morphology of perovskites. Anti-solvent treatment not only fastened the heterogeneous nucleation in the early stage of lm deposition, but also inuenced the initial growth of the perovskite structure. 23, 25, 26 In this work, during spinning, the anti-solvent (160 mL) was dropped onto the substrate at the 50th second. For n ¼ 1 and 5, toluene (TLE) was used as an anti-solvent and for n ¼ 3, ethyl acetate (ETA) was used as the anti-solvent; TLE created high roughness for all of the precursor solvent types in the case of n ¼ 3. The lms were then annealed at 100 C under air ambience (70% RH) for 10-20 minutes. Surface morphologies were tested by using scanning electron microscopy (SEM; Quanta 450 FEI, Tungsten lament electron source, 20 kV, secondary electron mode). The optical absorption spectra were recorded using a Shimadzu UV-2600 UV-Vis spectrophotometer. The crystal structure was characterized by an Advance Bruker X-ray diffractometer (Cu Ka radiation, LYN-XEYE high-resolution energy-dispersive 1-D detector, detector scan mode using step size of 0.020449 degree, 0.8 seconds per step, and 2 theta starts from 5 to 45 degree). Modulated surface photovoltage spectroscopy (SPV) was performed under a nitrogen atmosphere (300 mbar) for investigating the dynamics of charge separation and migration. A thin mica sheet (30-40 mm thick) was used to form a xed capacitor congura-tion. The samples were illuminated with a halogen light source (100 W) through a quartz prism monochromator (Bausch & Lomb). The light beam was modulated at a frequency of 15 Hz. In this work, modulated in-phase and phase shied by 90 SPV signals were collected with a high impedance buffer (20 GU) and a double-phase lock-in amplier (from Elektronik-Manufaktur Mahlsdorf, Germany). The SPV measurements are described in detail elsewhere.
24,27-30
The uorescence lifetime was measured by a Horiba Jobin Yvon FluoroMax 4 spectrouo-rometer with time-correlated single photon counting (TCSPC) unit. A nanoLED diode emitting pulses at 490 nm for n ¼ 1 and at 610 nm for n ¼ 3 and n ¼ 5 was used as an excitation source.
Results and discussion

Solvent effects on morphology
As shown in Fig. 1 , the absorption spectra of (PEA) 2 (MA) 4 Pb 5 -I 6 Br 10 perovskite range from 620 to 300 nm, while the absorption band edges shi to 600 and 500 nm for (PEA) 2 (MA) 2 Pb 3 I 4 Br 6 and (PEA) 2 PbI 2 Br 2 perovskites, respectively. With lower n, the blue shi was expected due to the quantum connement. Comparison between the same dimensions showed that the solvent type had a signicant effect on the absorption; we attributed this change to the different vapor pressures and evaporation rates that impacted the crystal formation (see Fig. 1 for different solvent types and Fig. S1 † for different DMF/DMSO ratios). The saturated vapor pressures of GBL, DMF, and DMSO were 0.23 mmHg, 31 2.99 mmHg, 32 and 0.42 mmHg 33 at 20 C, respectively. Higher solvent vapor pressures yield greater volatility and lower boiling points, which resulted in a faster evaporation and thicker thin lms. 34 The DMF/DD82 samples had higher absorption and darker lms with the highest vapor pressure. Pure GBL was unt as a solvent with low precursor solubility and weak coordination with PbI 2 / PbBr 2 and MAI. 35 On the contrary, perovskites prepared from DMSO derivatives revealed the brighter shades (see Fig. S2 †) . DMSO could act as a strong coordinative solvent between the metal halide and methyl ammonium halide forming intermediate phases, which retarded the precursor reaction and slowed down the crystallization of perovskites. 19, 23 For the best morphology, it was crucial to balance out the crystallization rate. Slow crystallization helped in decreasing the nucleation sites and enlarging the grain size; 24, [36] [37] [38] at the same time, it could cause incomplete formation by leaving out excess metal halides 19, 38, 39 and mechanical stresses that deteriorate the morphology. Viscosities of GBL, DMF, and DMSO were 1.7, 0.8, and 2 mPa s, respectively. 40 A less viscous solution made the perovskite molecules and the nuclei to better diffuse and interact with other molecules in order to form larger grains with uniform morphology, thereby resulting in a higher performance. Moreover, a high diffusion velocity from a less viscous solution led to high spreading and high surface wettability.
41,42
It was reported that perovskite precursor with very high concentration and therefore high viscosity, which acted like non-Newtonian uids, caused crystallization dewetting due to excessive crystal size and dispersity, leading to rough morphology. 43, 44 DD82 had a high amount of less viscous solvent like DMF, balanced out by a small amount of DMSO, which resulted in uniform spreading. Fig. 2 compares the surface morphology among the solvent types. Perovskites n1, n3 and n5 from DMF showed cracks and pinholes due to rapid crystallization, while n1, n3 and n5 from DMSO and GD73 tended to have wrinkle features and low crystallinity (as identied by XRD results in Fig. 3a) . The wrinkling arose from the isotropic compressive stress during the formation of intermediate phases and relaxation and due to a minimum total energy. 45, 46 Overall, the low dimensional perovskites from DD82 possessed smoother and denser morphologies with higher crystallinity, properties necessary for high performance optoelectronics.
Solvent effects on crystallinity
The XRD patterns of MAPbI 3 47 The replacement of Br slightly shied the diffraction angles and changed the crystal structure from tetragonal (110) to pseudocubic (100). corresponded to the (100) and (200) planes, respectively. For the n3 perovskite, the diffraction peaks located at 14.9 and 29.9 indicated the (h00) planes of 3D perovskite phase and the peaks at 26.5 , 33.8 and 37.8 corresponded to the (00l) plane of 
49,50
With DD82 usage, XRD peaks for n1, n3, and n5 were greatly enhanced when compared with the peaks from the other solvents; this was consistent with the better morphology that was observed in Fig. 2 . Through Scherrer equation, crystallite sizes were calculated, showing bigger gain sizes for all low dimensional systems when DD82 was used as the solvent as shown in Fig. 3b .
Solvent effects on electronic properties
The charge separation mechanisms along with tail defect states were explored by the SPV technique. The SPV spectra exhibit an in-phase (X) and a phase-shied by 90 signals (Y) according to the chopped light signal, and related to fast and slow responses respectively. The SPV signals of low dimensional perovskites dissolved in DMF, DMSO, GD73, and DD82 are summarized in Fig. 4 . Through the charge potential difference (CPD), 51,52 the n5 and n3 perovskites were determined to be p-type semiconductors, which could be identied by the negative SPV signals where photo-generated electron carriers were preferentially separated into the external interface, whereas the holes moved towards the bulk.
53 Intrinsic p-type doping was induced by the presence of lead vacancies (V Pb ), whereas n-type doping resulted from the presence of iodide vacancies (V I ) seen in PbI 2 rich lms. [54] [55] [56] [57] For n1, most of the solvents led to the n-type, thereby signaling incomplete conversion (excess PbI 2 and de-ciency of MA + and I À ). However, DD82 was a suitable solvent with an appropriate Gutmann's donor number and a decent dielectric constant, which yielded an acceptable solubility and a good interaction with Pb 2+ , resulting in more complete perovskite structure. 18 This explained the n-type to p-type transition for n1 on using DD82 and further exemplied the benets of DD82. The onset energy of perovskites (E onset 
. The onset energy, which was determined from SPV signals as shown in Fig. S3 , † further supported the electronic band gap from absorption spectra as an incorporation of organic ammonium cations on perovskite causes the spatial quantum connement via van der Waals interactions.
14,58 The Tauc plot was used to determine the optical bandgap (E g ) of perovskite thin lms as shown in Fig. S4 . † All of the perovskites prepared in different types of solvents except n5/DMSO and n3/DMSO clearly presented a direct band gap, which only had one jump at the absorption edge and not a gradual increase followed by a jump that is typically observed for an indirect semiconductor. In the case of the indirect transition, the Urbach tail was presented just below the direct bandgap of the perovskite from a relativistic spin-orbit splitting of the lower conduction band.
59
As shown in Fig. 5 and S5 , † E g and E onset are slightly shied towards each other as E onset is initiated from the separation of photon-excited charge carriers, which could be trapping or detrapping at defect states to a localized unoccupied state, while E g is the excitation from a localized occupied state to a localized unoccupied state.
30
The high SPV signals from DD82 and DMF solvents represented the strong charge separation ability, which indicated better exciton generation upon light excitation. Shallow defects like dangling bond or dislocation at the surface could also be observed by tting SPV as described in previous works. 24, 30, 60 GD73 had the lowest tail defects and DD82 had the highest tail defects. However, unlike deep defects, tail defects were commonly presented in the perovskite and did not signicantly impact diffusion length and solar performance. 55 To mitigate tail defects of DD82, previously developed sequential method like repeated cation doping 24 could be benecial. To further understand the defects beyond surface, time resolved photoluminescence (TRPL) was performed to probe inside perovskite lms. In our experiments on perovskite/glass slide, the PL decay of perovskite exhibited a tri-exponential behavior having slowest decay (s 1 ), medium decay (s 2 ), and fastest decay (s 3 ).
61 Medium component (s 2 ) and fast component (s 3 ) were usually associated with Shockley-Read-Hall Fig. 4 In-phase and phase-shifted by 90 overview of the surface photovoltage spectra for n5, n3 and n1 Br-I perovskite thin films. (SRH) recombination and intrinsic electron-hole recombination, respectively, whereas the slow component (s 1 ) was linked to free electron-hole recombination. 62 As shown in Fig. 6 and Table 2 , DD82-based and DMSO-based perovskites reveal the longest average time decays, which indicate the lower overall deep defects. In the 3D system, DMSO as a solvent was linked to lower defects. [20] [21] [22] In case of n5/DMSO and n3/DMSO, the formation of wrinkles only occurred on the surface and not in the bulk of the material from the release of compressive stress during perovskite crystallization, which explained why those lms still exhibited longer decay lifetime despite poor surfaces.
63 Time decays were longer with higher dimensions of the same solvent type due to weaker electron-hole binding energy and therefore less recombination. 64 Moreover, DD82 perovskite exhibited longer s 1 and more s 1 weights (A1), which indicated a decrease in the intrinsic electron-hole radiative recombination and an increase in the free electron-hole recombination, which made them superior for photovoltaic application, consistent with more charge separation from SPV results. DD82 allowed perovskites to form larger grain size in which defects were lower and hence increased their uorescence lifetime.
Conclusions
With high stability and band gap tunability, low dimensional perovskites have great potential for solution processable optoelectronics like LEDS and semi-transparent solar cells. In this work, we identied DD82 as the most suitable solvent for low dimensional, mixed halide perovskite for solar application. Having both DMF and DMSO, DD82 struck the right balance for the crystal formation to achieve a good surface morphology, a large crystallite size, and a good charge separation while retaining the low defect typical of DMSO-based system.
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